The non-equilibrium annealing of structural disorder in a two-dimensional XY-model leads to defects coarsening and clustering in the vortex cores. The dynamical scaling preservation requires a change in the friction constant of the vortices which takes the form γ(R) ∼ ln q (R/a), with q = p 3/2 . The dynamic dependence of the correlation length of the system becomes ξ ∼ (t/ ln q (t/t0)) 1/z vs ξ ∼ (t/ ln(t/t0)) 1/z for pure system. The transverse stiffness of the system in the high-temperature phase T > TBKT(p) becomes negative. At the equilibrium the annealed defects are distributed ununiformly over the lattice.
Two-dimensional systems with continuous symmetry occupy a special place among low-dimensional systems. It is well known that the long-range order is broken in these systems at any finite temperature. However, the 2D XY-model case is characterized by realization of topological Berezinskii-Kosterlitz-Thouless (BKT) phase transition at temperature T BKT . The 2D XY-model is used to describe the behavior and the properties of a whole class of physical systems [1] . Despite extensive research [2, 3] , the influence of structural disorder on non-equilibrium critical phenomena in the 2D XY-model is not finally resolved. Existing works (see ref. in [3, 4] ) are focused on the influence of quenched disorder on the critical behavior. The annealed disorder influence and defects thermalisation of the structure subsystem on the critical properties of 2D XY-model are not yet studied well. The insertion of structural disorder into the 2D XYmodel leads to the process of pinning of vortices on defects. Between the vortices and defects there is an attraction [5] . The vortices are moving to the fixed defects when disorder is quenched. But the termalization of disorder leads to mutual effect -defects can moving to vortices. This can lead to the movement of defects towards the vortices cores and to the occurrence of clusters of defects. We assumed that in non-equilibrium critical relaxation, the vortices can collect defects of structure in their cores. By that there will be a non-equilibrium aggregation of defects in the vortex dynamics. The first produced simple Monte-Carlo simulation showed that this effect takes place (see FIG. 1 and FIG. 2) . It can be seen that during vortex dynamics defects are aggregated in the vortices cores, but these clusters are destroyed with the transition to equilibrium dynamics. One can expect that the non-equilibrium disorder is aggregated in the large clusters when interacting with vortices. When vortices of the opposite charges annihilate, disorder is gradually thermalized with spin-wave dynamics. This is meant by non-equilibrium vortex annealing of structural disorder in two-dimensional XY-model. It was shown [6] that the canonical dynamical scaling is violated in non-equilibrium vortex dynamics in pure 2D XY-model and correlation length behaviour becomes ξ ∼ (t/ ln t) 1/z instead of ξ ∼ t 1/z , with z = 2. The change is due to the friction of the vortices in the process of motion with the friction constant γ(R) ∼ ln(ξ/a) [6] . Defects aggregation in the vortex can change this relation and new dynamical scaling is violated again.
The Hamiltonian of the system in this work was chosen in the form H = 1 2 i,j p i p j S i S j , where S i -a classical planar spin which is associated with i-node of square lattice with the linear size L, p i -occupation number of i-node: if p i = 1 then i-node is occupied by spin, else if p i = 0 by defect, i,j -summation over all pairs of the nearest neighbors. Defects on the lattice are distributed uniformly at time t = 0 with probability P (p i ) = (1 − p)δ(p i ) + pδ(1 − p i ), where p -spin concentration, i.e. c = 1 − p -concentration of impurity. Simulation of critical dynamics of the system was carried out by Metropolis algorithm. To include the mobility of defects, the elementary step of the Metropolis algorithm was modified. If a randomly selected node is occupied by a spin, then classical elementary step is produced. But arXiv:1808.06344v3 [cond-mat.str-el] 22 Aug 2018 if node is occupied by a defect, then an attempt is made to swap this defect with random neighboring spin. Similarly, the calculation of ∆E is carried out and elementary step of Metropolis algorithm is used. For analysis of clusters of defects structure Hoshen-Kopelman algorithm [7] is used.
The study was carried out for the spin concentrations p = 0.9, 0.8, 0.7 and 0.6.
The investigation of the equilibrium critical properties was carried out for the system with linear sizes L = 32, 64, 96 and 128. To reduce the relaxation time, the following approach was used: the final state of the simulated system at temperature T was used as the initial state of system at temperature T + δT with small δT . For thermalization it was used 10 6 MCS/s for initial temperature and 10 4 MCS/s for subsequent temperatures. The averaging was carried out on the 10 5 MCS/s and 1000 different initial impurity configurations.
The investigation of non-equilibrium critical relaxation was carried out for system with linear sizes L = 32, 64, 128 and 256 and observation time 10 4 MCS/s for dynamic dependences and with 10 different linear sizes L = 24, 32, . . . , 96 and observation time 10 3 MCS/s for dynamical scaling investigation. We used 10000 and 150000 different initial impurity configurations for dynamic dependences and for dynamical scaling investigation correspondingly.
Initially in this work the temperatures of BKT phase transition T BKT (p) were determined for considered spin concentrations p. To do this, we used Binder cumulants
The temperature dependences of these quantities for three different values of L have triangles in the region T BKT (p). As a result of simulation, T BKT (p = 0.9) = 0.68(1), T BKT (p = 0.8) = 0.49(2), T BKT (p = 0.7) = 0.34(2) and T BKT (p = 0.6) = 0.16 (2) . It should be noted that the spin percolation threshold p c 0.592745(2) [12] and p = 0.6 is sufficiently close to it. However, in the equilibrium state defects are distributed over a lattice ununiformly (see FIG. 4 and discussion below). Therefore, the problem of the phase transition failure near the spin percolation threshold in this system is not trivial and is not discussed in detail in this paper. Also important to note that the temperatures T BKT (p) for spin concentrations p = 0.9, 0.8 and 0.7 are equal to the corresponding values for two-dimension XYmodel with quenched disorder [8] , and for T BKT (p = 0.6) this is true within the statistical error only [8] .
An interesting feature of the system is the presence of negative sections on the temperature dependence of transverse stiffness ρ s (p, T ) (FIG. 3) . On negative sections ρ s (p, T ) there is a range of power law ρ s (p, T ) ∼ T −κ(p) , where exponent κ(p) depends only on p. If we assume that the transverse stiffness ρ s (p, T ) changes abruptly at the T BKT (p), then we can say that ρ s (p, T ) < 0 for T > T BKT (p) and ρ s (p, T ) > 0 for T < T BKT (p), which can be partially seen in the data for L = 32, 64, 96 and 128. A well-known relation ρ s (T BKT ) = 2T BKT /π for the BKT phase transition temperature T BKT is satisfied only for the small defect concentrations (p = 0.9, 0.8).
With increasing defect concentration (p = 0.7, 0.6) this ratio is not satisfied within the statistical error. However, this may indicate a weaker or complex dependence T BKT (L) on the linear size L. Despite the fact that the negative stiffness occurs in spin systems [9] [10] [11] , for the two-dimensional XY-model this is nonsense and was revealed for the first time. The temperature dependence determination of defects cluster size (FIG. 4) shows that defects in the equilibrium state are distributed on a lattice ununiformly. Calculations were made for the sizes of the largest clusters S m (p, T ) and the average size of clusters of defects S(p, T ). The simulation results show that at the BKT phase transition point T BKT (p), there are no significant features of the temperature dependence of sizes of clusters. However, the equilibrium values of sizes of the largest clusters S m (p, T ) are characterized by interesting scaling properties. Their dependences on the linear size L are well approximated by the expression 5 (b) ).
The investigation of non-equilibrium vortex annealing of structural disorder in the two-dimensional XY-model in this work is focused on the dynamic dependences of size of the largest defects cluster S m (t) and the average size of defects clusters S(t) for the different spin concentrations p. The high-temperature initial state was used, i.e. T 0 T BKT (p). As a consequence, the dynamics of the non-equilibrium critical relaxation is substantially vortical. The FIG. 6 show the results for p = 0.8. The results show that the relaxation of the subsystem of the large clusters is much slower then the relaxation of the general subsystem of defect clusters. The dynamic dependences S m (t) reach the plateau an order of magnitude longer than dynamic dependences S(t). With decreasing temperature, this difference increases. With the temperature decreasing, the "inertial" properties of cluster growth begin to manifest strongly. It is clear that at low temperatures the clusters grow large, and then are being destroyed and decreasing in size. Stronger "inertial" properties of the clusters are observed for the average size of clusters of defects S(t). With increasing temperature and approaching the BKT phase transition point T BKT (p), the "inertial" growth properties of the clusters disappear. Thus one can conclude that the processes of the appearance of defect clusters is the coarsening.
An interesting feature of the system is that dynamic dependences S(t) are practically independent of linear size L. However, for dynamic dependences S m (t) the opposite result is observed. If we take into account that while average size of clusters S(t) begins to decrease size of the largest cluster S m (t) continues to grow, then it becomes surprising that S(t) does not depend on L.
FIG. 7.
Dynamic scaling dependences of time-dependent Binder cumulant gL(t) for system with spin concentrations p = 0.9 (a), 0.8 (b), 0.7 (c), 0.6 (d). Model dependence ξm(t) ∼ t/ ln q t 1/z , where q = p 3/2 and z = 2.
An important property of non-equilibrium critical relaxation is dynamical scaling. In this paper, the study of dynamical scaling is carried out using a cumulant
The study showed that the dynamic dependence of correlation length ξ ∼ (t/ ln(t/t 0 )) 1/z from the work [6] does not allow to obtain a collapse of dynamic dependences for different linear size L. As a result of the calculations it was possible to obtain a dynamic dependence ξ ∼ (t/ ln q (t/t 0 )) 1/z , where q = p 3/2 and z = 2 remained the same (FIG. 7) . It was shown in the paper [6] that the dynamic dependence ξ ∼ (t/ ln(t/t 0 )) 1/2 arises from the solution of equation dξ/dt ∼ ρ s Γ/[ξ ln(ξ/a)] (such a solution arises only when t a 2 /(4ρ s Γ), where W (x) ln x−ln ln x, W (x) -Lambert W -function). To obtain the dynamic dependence ξ ∼ (t/ ln q (t/t 0 )) 1/2 introduced in this paper it is necessary to modify the expression for the friction constant γ(R) = (π/Γ) ln q (R/a). This gives an equation of the following form dξ/dt ∼ ρ s Γ/[ξ ln q (ξ/a)]. The solution of such an equation can be obtained only by quadratures, but only if t a 2 /(ρ s Γ) you can get ξ ∼ (t/ ln q (t/t 0 )) 1/2 . Thus, we can say that the process of thermalization of disorder leads to a significant change in the dynamics of vortices in the system.
Modification of the friction constant γ(R) ∼ (t/ ln q (t/t 0 )) 1/z , with q = p 3/2 , enables preserving the dynamical scaling property of the system. But consistent theory of emerging of logarithmic correction 1/ ln q (t/t 0 ) was not considered. It should be noted that the use of magnetization cumulants in such a task may be incorrect. Perhaps there is another way to explain this process. This article does not discuss the dynamic dependences of the correlation length that can be obtained directly. In work [13] , the expected dependence ξ ∼ (t/ ln(t/t 0 )) 1/z was obtained, which also preserved dynamical scaling. In present work direct calculation of the correlation length from Ornstein-Zernicke form did not allow making certain conclusions. On the one hand, more statistical data are required for obtaining dynamic dependences of the correlation length. On the other hand, the question arises of introducing an index z < 2 that can lead to singularities in the kinetic coefficients. However, the aspects already explored enable us to understand the further path of research development. Discussion of these aspects is planned in future works.
In conclusion, it was shown that the insertion of the structure disorder thermalization into the twodimensional XY-model leads to significant changes in vortices dynamics. In this work was revealed that there are temperature ranges with negative transverse stiffness, most likely this is the entire high-temperature phase T > T BKT (p). In the equilibrium state, after the annealing of the disorder, the defects are distributed ununiformly over the lattice. The process of non-equilibrium annealing is accompanied by coarsening and the appearance of clusters of defects. The clusters arise in the cores of vortices and influence on their dynamic properties. The change in the dynamic properties of vortices, in particular the friction constant, leads to a change in the dynamic dependence of correlation length ξ. The new friction constant γ(R) = (π/Γ) ln p 3/2 (R/a) allows to re-store the dynamical scaling property and get the collapse of the dynamic dependences of cumulants.
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